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ABSTRACT 
F i e l d  s tud ies  have been conducted i n  a  l a r g e  number o f  coa l  mines 
throughout  t h e  U.S. t o  determine t he  e f f e c t i v e n e s s  o f  e lect romagnet ic  
techniques i n  l o c a t i n g  men t rapped underground f o l l o w i n g  a mine d i s a s t e r .  
Data f rom these t e s t s  have been used t o  generate models o f  expected 
s i gna l  and no ise  d i s t r i b u t i o n s  as found above mines throughout  t h e  coal  
f i e l d s .  These d i s t r i b u t i o n s  have a ided  i n  p l a c i n g  t h e  expected per-  
formance o f  a  th rough- the-ear th  e lec t romagnet i c  comnunicat ions technique 
i n t o  a  p r o b a b i l i s t i c  framework. Resu l ts  i n d i c a t e  an expected 45% 
p r o b a b i l i t y  o f  d e t e c t i n g  a m i n e r ' s  s i g n a l  f rom a depth o f  1,000 ft, a 
depth which exceeds 903 o f  t h e  coa l  mines w i t h i n  t h e  U.S. and a 
90% p r o b a b i l i t y  a t  a  depth o f  500 ft, a depth which exceeds 50% o f  
t h e  mines. 
INTRODUCTION 
Fo l l ow ing  t he  Farmington mine d i s a s t e r  i n  1968, t h e  Bureau o f  Mines 
con t rac ted  w i t h  t h e  Nat iona l  Academy o f  Engineer ing (5 ) *  t o  recomnend 
means t o  inc rease  the  p r o b a b i l i t y  o f  s u r v i v a l  and rescue o f  miners  i n  
mine d i s a s t e r s .  T h e i r  r e p o r t  recommended t h a t  t h e  Bureau develop new 
comniunication techniques t o  d e t e c t  and l o c a t e  t rapped miners.  The 
Bureau cons idered these recommendations as t he  s t a r t i n g  p o i n t  f o r  
a  c o n t i n u i n g  concent ra ted  research e f f o r t  t o  improve s u r v i v a l  and 
rescue capab i l  i t y .  
The c o n d i t i o n  o f  a  mine a f t e r  a  d i s a s t e r  i s  unpred ic tab le ,  cab les  
may be c u t  and passages blocked. A hardened communication system 
t h a t  advances w i t h  the  work ing face would be p r o h i b i t i v e l y  expensive 
and m igh t  be i n o p e r a t i v e  when needed. De tec t i on  and communication 
w i t h  m iners  t rapped underground r e q u i r e s  s i g n a l i n g  f rom t h e  sur face  
througt i  t h e  niine workings o r  d i r e c t l y  through t h e  s t r a t a .  
* Number i n  parentheses r e f e r  t o  i tems i n  t he  l i s t  o f  re fe rences  a t  
t he  end o f  t h i s  paper. 
Two major areas in rescue conmunications have been investigated: 
( a )  Electromagnetic ( E M )  and ( b )  seismic. This paper examines the 
potential effectiveness of the EM signaling system and i s  par t icular ly  
concerned with the s t a t i s t i c a l  analysis of experimental magnetic f i e ld  
strength data taken a t  94 coal mine s i t e s  well d is t r ibuted over the U.S. 
coal f i e ld s .  The objective of these t e s t s  was a data gathering venture 
intended t o  provide the necessary information fo r  studies of probable 
effectiveness of the EM signaling system prior to  i n i t i a t i ng  the fornu- 
la t ion and promulgation of new regulations bearing on the use of such 
a system. 
During the l a s t  decade theoretical  studies and f i e l d  t e s t s  indi- 
cated that  the best chance of success rested in a system tha t  con- 
s i s ted  of an underground narrowband transmitter and a surface receiver,  
e i ther  used in a helicopter or hand carried by surface personnel, 
t ha t  would both detect  the signal and locate i t s  or igin .  Figure 1 
i l l u s t r a t e s  the principle of operation of the EM trapped miner signaling 
device and associated surface receiving hardware. The transmitter 
and receiver were developed by Coll ins Radio.* (1 ) An improved version 
has recently been b u i l t  by General Instrument Corp. (GI) (3)  and i s  
shown in Figure 2. 
In practice,  the miner would attach the belt-worn transmitter to  a 
cap-lamp battery and deploy 300 f t  of #1S copper wire around a coal pi1 l a r ,  
ideal ly  in a square configuration. If he cannot deploy the loop around a 
coal p i l l a r ,  i t  can be deployed along a passageway where attempts are  
made to  maximize the 1 oop area. The transmitter del ivers to  the 1 oop a 
pulsed square wave voltage of 630, 1050, 1950, o r  3030 Hz of 100 ms dura- 
t ion and a 10% duty cycle. The established EM f i e l d  i s  then detected by 
surface personnel. Once the signal i s  detected, the surface crew deploys 
a large loop of wire coupled to  a high power audio amp1 i f i e r  tha t  can be 
used f o r  transmitting voice communications t o  the trapped miner. The under- 
ground transmitter contains a baseband receiver t o  receive the voice s ig-  
nal s from the surface, and the miner can respond in code by keying the 
transmitter off  and on. Figure 3 shows the l i f e  expectancy of the cap- 
lamp battery when operating the transmitter.  The range of values was ob- 
tained when using an old battery with 8 hr discharge to an upper bound 
where a new battery with no discharge was used. A 2-ohm resistance was used 
as a load on the transmitter fo r  these resu l t s .  From t h i s  i t  can be seen 
tha t  the transmitter can be expected to  operate from approximately 2 to 4 
days. 
The objective of the f i e ld  t e s t s  was twofold: F i r s t ,  to  define a 
signal transmi ssion measurement and analysis program to  obtain a re1 iabl e 
data base for  characterizing the signal transmission properties of overburdens 
in the U.S. coal f i e ld s ;  and second, to use t h i s  data base to  predict the 
1 i kel ihood of successful performance of the EM trapped niiner signal ing 
* Use of brand names i s  for  ident i f icat ion purposes only and does not 
imply endorsement by the Bureau of Mines. 
system. The mines sampled f o r  these t e s t s  were se lec ted  f rom a  popula- 
t i o n  o f  a1 1  coal  mines on t he  bas i s  o f  bo th  t he  overburden depth and 
the  number o f  miners employed a t  t he  mine. The sample r e f l e c t e d  
concern b o t h  f o r  f o r  t h e  phys ica l  dependence o f  s i gna l  p e n e t r a t i o n  
on depth and t h e  number o f  m iners  exposed t o  p o t e n t i a l  d i s a s t e r s  w i t h i n  
each depth i n t e r v a l .  F i gu re  4  shows t h e  cumula t i ve  d i s t r i b u t i o n  o f  
mines as r e l a t e d  t o  t he  maximum depth and demonstrates t h a t  approx- 
i m a t e l y  90% o f  the  coal  mines w i t h i n  t h e  U.S. a re  l e s s  than 1,000 
ft deep. These t e s t s  were performed by Westinghouse (8)  and Bureau per-  
sonnel. The a n a l y s i s  o f  t h e  da ta  as presented i n  t h i s  paper was 
performed by personnel o f  A r t h u r  D. L i t t l e  Inc.  and t h e  Bureau; d e t a i l s  
o f  t h i s  work can be found i n  an e x c e l l e n t  r e p o r t  by Lagace e t  a1 . (4 )  
EARTH TRANSMISSION LOSS 
I n  o rde r  t o  p r e d i c t  the  sur face  s i g n a l  l e v e l  as produced f rom 
an underground t r a n s m i t t e r ,  i t  i s  necessary t o  understand t he  expected 
l o s s  t h e  s i gna l  i n c u r s  when t r a n s m i t t e d  through- the-ear th .  Unfor tun-  
a t e l y ,  t he  geo log i ca l  s t r u c t u r e  o f  the  overburden above coa l  mines d i f f e r s  
f rom mine t o  mine which g i ves  r i s e  t o  d i f f e r i n g  e l e c t r i c a l  conduct ing 
p rope r t i es .  Therefore,  f o r  a  g i ven  mine dep th  i t  can be expected t h a t  
s i g n a l  t r ansm iss ion  c h a r a c t e r i s t i c s  w i l l  va r y  s i g n i f i c a n t l y  f rom mine 
t o  n i ne .  Consequently, one must r e l y  on s t a t i s t i c a l  i n f o r m a t i o n  o f  
t he  e a r t h ' s  t ransmiss ion  loss .  A  major  o b j e c t i v e  o f  t h e  94-mine f i e l d  
t e s t  was t o  o b t a i n  enough da ta  o f  t h e  e a r t h ' s  t r ansm iss ion  l o s s ,  as 
found over  a  l a r g e  popu la t i on  o f  coa l  mines, t o  c o n f i d e n t l y  charac- 
t e r i z e  expected s i g n a l  l o s s  f rom an underground t r a n s m i t t e r .  
To ensure success i n  o b t a i n i n g  these da ta  d u r i n g  t h e  f i e l d  t e s t s ,  
magnet ic moments o f  t h e  underground t r a n s m i t t e r  were used t h a t  were 
a r t i f i c i a l l y  h i ghe r  than would be expected f rom a  t r a n s m i t t e r  t o  be 
used by  a  miner.  Therefore,  i n  most cases, an e a r t h  t ransmiss ion  l o s s  
va lue f o r  each mine was obtained. A  s t r a t e g y  cou ld  then  be formed t o  
p r e d i c t  t h e  expected su r f ace  s i g n a l  s t r e n g t h  based upon a  g iven  magnet ic 
moment . 
The RMS values o f  t he  v e r t i c a l  magnet ic f i e l d ,  Hz, o f  a l l  o f  t h e  da ta  
taken were normal ized t o  a  t r a n s m i t t e r  magnet ic moment o f  M = 1  ~ m ~ - m z .  
Since the  su r f ace  f i e l d  i s  p r o p o r t i o n a l  t o  t he  magnet ic moment o f  t he  
underground t r a n s m i t t e r ,  t h e  expected l e v e l  o f  t h e  sur face  f i e 1  d  f o r  
a  g i ven  t r a n s m i t t e r  cou ld  t hen  be found by account ing f o r  t h e  ac tua l  
moment used. Fo l l ow ing  t h i s  normal i z a t i o n , ,  s t a t i s t i c a l  s t ud ies  were 
performed t o  r e l a t e  t h e  su r f ace  f i e l d  s t r e n g t h  and mine depth a t  each 
f requency tes ted .  
Each norma l i zed  da ta  p o i n t  can be denoted as S i  where t h e  s u b s c r i p t  
i represen ts  t h e  s p e c i f i c  f requency and t h e  subsc r i p$ ' j  represen ts  t h e  
s p e c i f i c  depth o f  t e s t  f o r  each mine. Thus, each su r f ace  measurement 
S i j  taken can be cons idered as a  s i n g l e  obse rva t i on  o f  s i g n a l  s t r e n g t h  
a t  a  predetermined f requency and overburden depth l e v e l  a t  a  p a r t i c u l a r  
mine. The s e l e c t i o n  o f  t h e  mines t e s t e d  was done on a  s t a t i s t i c a l l y  
based random sample t o  assure  t h a t  S i  j c o u l d  be d e s c r i b e d  by a common 
normal p r o b a b i l  i t y  law. 
Severa l  l i n e a r  r e g r e s s i o n  models were hypo thes ized  and t r i e d .  The 
model found  t o  b e s t  f i t  t h e  behav io r  o f  t h e  d a t a  i s  one i n  which t h e  mean 
va lue  o f  t h e  normal i z e d  s i g n a l  s t r e n g t h  S i  j i s  l i n e a r l y  r e l a t e d  t o  t h e  
l o g a r i t h m  o f  overburden depth .  T h i s  i s  shown i n  e q u a t i o n  1: 
S i j  = c i i  + B i  l o g  ( d e p t h )  + &i j  (1  
Here Sij i s  t h e  normal i z e d  v e r t i c a l  magnet ic  f i e l d  s i g n a l  s t r e n g t h  
(expressed i n  dB r e  1pA/m-RMS f o r  t h e  i t h  f requency  and d e p t h  j f o r  
a  t r a n s m i t  moment o f  M = 1  ~ m ~ - m 2 .  
The parameters cij and b i  a r e  parameters t o  be e s t i m a t e d  f r o m  t h e  da ta ,  
where dep th  i s  known i n  meters .  The parameter c i  r e p r e s e n t s  a  random 
v a r i a b l e  t h a t  i s  normal l y  d i s t r i b u t e d ,  w i t h  expected v a l  ue z e r o  and v a r i a n c e  
oij2 wh ich i s  t h e  same f o r  a l l  v a l u e s  o f  j. 
The d e r i v e d  r e g r e s s i o n  l i n e s  f o r  each o f  t h e  f o u r  f r e q u e n c i e s  a r e  
p l o t t e d  i n  F i g u r e s  5-8. I t  i s  apparen t  v i s u a l l y  t h a t  t h e  l o g - l i n e a r  r e l a t i o n -  
s h i p  i s  an a p p r o p r i a t e  one and t h e  RZ s t a t i s t i c ,  a  measure o f  goodness o f  
f i t ,  suppor ts  t h i s  o b s e r v a t i o n .  
Two t y p e s  o f  i n t e r v a l s  have been e s t i m a t e d  f r o m  t h e  data .  One i s  known 
as a  con f idence  i n t e r v a l ,  wh ich i s  d e f i n e d  as a  range o f  v a l u e s  computed 
f r o m  t h e  sample t h a t  can be expected t o  i n c l u d e  t h e  t r u e  ( b u t  unknown) mean 
v a l  ue w i t h  a  known p r o b a b i l  i ty. F i g u r e s  9-12 d i s p l a y  95% c o n f i d e n c e  i n t e r v a l  s  
w i t h  dashed l i n e s .  To i l l u s t r a t e  t h i s  concept  u s i n g  F i g u r e  9, i t  f o l l o w s  
f r o m  t h e  f i e l d  exper iment  t h a t  t h e  p r o b a b i l i t y  i s  0.95 and t h a t  t h e  i n t e r v a l  
f r o m  -6 dB t o  -12 dB i n c l u d e s  t h e  t r u e  mean normal i z e d  s i g n a l  s t r e n g t h  
f o r  a  t r a n s m i t t e r  o f  magne t i c  moment M = 1  ~ m ~ - m Z  a t  630 Hz and an over -  
burden d e p t h  o f  190 ft. 
Wh i le  t h e  c o n f i d e n c e  i n t e r v a l  r e p r e s e n t s  a  p r o b a b i l  i t y  s ta tement  
about a  mean v a l u e  o v e r  many t r i a l s ,  i t  i s  a l s o  o f  i n t e r e s t  t o  q u a n t i f y  
t h e  expected outcome o f  a  s i n g l e  t r i a l .  For example, what s i g n a l  s t r e n g t h  
c o u l d  be expected i f  a  t e s t  were conducted a t  a  p rede te rm ined  f requency  
and overburden dep th?  T h i s  s i t u a t i o n  i s  d e p i c t e d  by p r e d i c t i o n  i n t e r v a l s  
a l s o  p l o t t e d  i n  F i g u r e s  9-12. To i l l u s t r a t e  t h i s  concept,  a g a i n  u s i n g  
F i g u r e  9, t h e  p r o b a b i l i t y  i s  0.95 t h a t  a n o t h e r  t e s t  per formed a t  630 tlz 
a t  a d e p t h  o f  500 f t  would y i e l d  a s i g n a l  s t r e n g t h  between -49 dB and 
-22 dB. A l s o  p l o t t e d  i n  F i g u r e s  9-12, f o r  comparison, i s  a  c u r v e  o f  t h e  
f r e e  space v e r t i c a l  f i e l d  s t r e n g t h  t h a t  would be measured on t h e  s u r f a c e  
i n  t h e  absence o f  t h e  l o s s y  overburden media. 
F i g u r e  13 summarizes t h e  normal i z e d  average overburden response as a  
f u n c t i o n  o f  dep th  and f requency  by p l o t t i n g  t h e  f o u r  r e g r e s s i o n  l i n e s  and 
t h e  f r e e  space c u r v e  on one graph. T h i s  f i g u r e  shows t h a t  t h e  f requency 
dependence o f  s i g n a l  s t r e n g t h  i s  r e 1  a t i v e l y  i n s i g n i f i c a n t  f o r  dep ths  
l e s s  than 500 ft, and t h a t  t he  change across the  band i s  o n l y  about 
10 dB even a t  t he  maximum depth o f  1500 ft. 
These summary normal i zed  overburden response p l o t s  , together  
w i t h  the  conf idence and p r e d i c t i o n  l e v e l s  o f  t h i s  sect ion,  can be 
used t o  generate est imates o f  s igna l  s t rength  produced on the sur face 
above coal mines as a  f u n c t i o n  o f  overburden depth and opera t ing  
frequency f o r  t r a n s m i t t e r s  having any prescr ibed magnetic moment versus 
frequency c h a r a c t e r i s t i c s  i n  the 630 t o  3030 band. Th is  i s  assuming 
f o r  a  f i x e d  magnetic moment, the  s i ze  o f  the t r a n s m i t t i n g  l oop  has 
no i n f l uence  on the sur face f i e l d .  
GENERAL INSTRUMENTS TRANSMITTER 
Using the  r e s u l t s  o f  t he  prev ious sec t i on  on ea r th  t ransmiss ion 
l o s s  s t a t i s t i c s ,  t he  expected sur face s igna l  s t rengths  produced by the  
r e c e n t l y  developed G I  transmi t t e r  can be pred ic ted  by computing t h e  
expected magnetic moment a t  each frequency and then t r a n s l a t i n g  each 
o f  t he  overburden response curves o f  F igure 13 upwards by an amount 
equal t o  t he  values o f  the  magnetic moment expressed i n  dB r e  t o  
1  ~mp-m2. 
The G I  loop antenna cons i s t s  o f  300 f t  o f  #18 copper wire, arranged 
i n  the  shape af  a  square. This  loop c o n f i g u r a t i o n  was chosen because i t  
best  represents t h e  p r a c t i c a l  implementat ion o f  the  s t ra tegy  t h a t  t h e  
miners w i l l  be i n s t r u c t e d  t o  fo l l ow .  F igure 14 shows the  pred ic ted  
sur face f i e l d  s t reng th  when the G I  t r a n s m i t t e r  i s  used. Also shown are  
the expected magnetic moments f o r  each frequency. 
SURFACE EM NOISE 
Two independent sets o f  magnetic f i e l d  noise measurements were 
obta ined du r ing  the  course o f  t he  measurement program. The f i r s t  was 
by Westinghouse us ing  the  C o l l i n s '  man-carried rece iver .  Th is  se t  
o f  data was found t o  be i n  e r r o r  due t o  in t ramodu la t ion  problems caused 
by the  simultaneous measurement o f  d i s c r e t e  man-made noise and broadband 
n o i  se. The second s e t  o f  data was obtained by a  Bureau team per forming 
s i m i l a r  t e s t s  a t  27 o f  the mines tested.  The Bureau's data were 
gathered on tape and l a t e r  analyzed i n  the labora tory .  
For purposes o f  s igna l  d e t e c t a b i l i t y ,  t he  RMS value o f  t h e  
v e r t i c a l  magnetic f i e l d  i s  o f  i n t e r e s t .  The s t a t i s t i c a l  d i s t r i b u t i o n  
o f  t h i s  noise, us ing  the  Bureau data base, a t  each frequency f o r  a  
r e c e i v e r  bandwidth o f  30 Hz i s  shown i n  Figures 15-18. 
SURFACE SIGNAL-TO-NOISE RATIO 
I n  the  previous sect ions,  the  behavior o f  s ignal  data and noise 
data obta ined i n  t h i s  study have been charac ter ized by s t a t i s t i c a l  
re1  at ionships.  To develop an understanding o f  de tec t i on  probab i l  i t y  
i t  i s  necessary t o  cha rac te r i ze  the  p r o b a b i l i t y  d i s t r i b u t i o n s  o f  t he  
sur face RMS s igna l  - to -no i  se r a t i o  (SNR) a t  each frequency. 
The independence o f  s i gna l  and no ise d i s t r i b u t i o n s ,  i n  a d d i t i o n  t o  
t he  p r o p e r t y  o f  n o r m a l i t y  e x h i b i t e d  by each d i s t r i b u t i o n ,  pe rm i t  
s t r a i g h t f o r w a r d  combinat ion o f  t he  two d i s t r i b u t i o n s  t o  generate SNR 
p robab i l  i t y  est imates.  By t h e  c e n t r a l  1  i m i t  theorem t h e  sum ( o r  
d i f f e r e n c e )  o f  two normal l y  and independent ly  d i s t r i b u t e d  v a r i a b l  es 
i s  a1 so no rma l l y  d i s t r i b u t e d .  
The SNR d i s t r i b u t i o n s  a r e  conven ien t l y  p l o t t e d  us ing  normal p r o b a b i l i t y  
paper. Th i s  paper i s  designed so t h a t  t he  mean i s  p l o t t e d  a t  t h e  50 per -  
c e n t i l e  p o i n t  and t he  mean p lus  o r  minus one s tandard d e v i a t i o n  i s  
p l o t t e d  a t  t h e  16 o r  84 p e r c e n t i l e  p o i n t ,  r e s p e c t i v e l y .  Such normal 
p r o b a b i l i t y  p l o t s  de r i ved  a r e  g iven  i n  F igures  19-22 f o r  f i v e  d i f f e r e n t  
overburden depths a t  each o f  t h e  f o u r  f requencies.  
These f o u r  f i g u r e s  p rov ide  a  s t r a i g h t f o r w a r d  method t o  es t imate  t h e  
p r o b a b i l i t y  o f  hav ing va r i ous  SNR i n  ac tua l  p rac t i ce .  The v e r t i c a l  a x i s  
r ep resen ts  t h e  area under t h e  normal cu rve  f rom minus i n f i n i t y  t o  some 
SNR Ro and p rov ides  t h e  p r o b a b i l i t y  o f  ach iev ing  a  SNR l e s s  than  o r  
equal t o  R,. 
I t  i s  i n s t r u c t i v e  t o  observe t h e  behavior  o f  p r o b a b i l i t y  est imates 
assoc ia ted  w i t h  exceeding a  g i ven  SNR as a  f u n c t i o n  o f  overburden depth and 
frequency. F i gu re  23 g i ves  t he  p r o b a b i l i t y  o f  t he  RMS s igna l  be ing 
a t  l e a s t  g r e a t e r  than  RMS noise.  Note t h a t  t h e  bes t  performance occurs 
i n  t h e  upper p a r t  o f  t h e  frequency band even though more l o s s  occurs 
through- the-ear th  a t  t h e  h i ghe r  f requenc ies  and t h e  magnetic moment 
i s  sma l le r  a t  t h e  h i ghe r  f requencies.  Th i s  can be exp la ined  due t o  
t he  r a p i d  decrease i n  sur face  no ise  l e v e l  as frequency increases.  
SIGNAL DETECTION CRITERIA 
The success o f  a  rescue e f f o r t  when us ing  a  t rapped miner t r a n s -  
m i t t e r  r e s t s  on t h e  a b i l i t y  o f  su r f ace  personnel t o  c o n f i d e n t l y  d e t e c t  t h e  
s i g n a l  f rom the  underground t r a n s m i t t e r .  The pu lsed s i g n a l s  f rom the  
underground t r a n s m i t t e r s  a r e  de tec ted  by searchers c a r r y i n g  rescue 
r e c e i v e r s  equipped w i t h  a  handheld l o o p  antenna and headsets. The mode 
o f  d e t e c t i o n  i s  au ra l  , based on t h e  headset s i gna l  s  perce ived  by t h e  
ear. It i s  then  necessary t o  e s t a b l i s h  a  r e l a t i o n s h i p  between t h e  
na tu re  o f  t h e  s i g n a l ,  SNR, and t h e  p r o b a b i l i t y  o f  au ra l  s i gna l  de tec t i on .  
The aspects o f  t h e  s i g n a l  t h a t  i n f l u e n c e  d e t e c t i o n  a r e  ( a )  f requency 
( b )  s i g n a l  l eng th ,  and ( c )  s i gna l  r e p e t i t i o n .  The p r imary  aspect 
o f  t he  no i se  f o r  d e t e c t i o n  cons idera t ions ,  besides t he  l e v e l  o f  t h e  
no ise ,  i s  t h e  no i se  bandwidth. How each o f  these parameters a f f e c t s  
t he  s i gna l  d e t e c t i o n  c a p a b i l i t y  must be understood, then t h e i r  r e s u l t s  
can be combined t o  generate a  p r o b a b i l i t y  o f  d e t e c t i o n  curve as a  
f u n c t i o n  o f  SNR. 
The present  r e c e i v e r  mixes t he  rece i ved  s i gna l  w i t h  an i n t e r n a l  
o s c i l  1  a t o r  t o  a  h i ghe r  f requency f o r  purposes o f  narrowband f i  1  t e r i n g  , 
then mixes t he  f i l t e r e d  s i gna l  aga in  t o  present  a  l i s t e n i n g  s i g n a l  
o f  978 Hz t o  t he  opera to r .  The a b i l i t y  t o  d e t e c t  a  tone  masked by 
broadband no i se  as a  f u n c t i o n  o f  f requency has been s tud ied  by U r i c k  (7 ) .  
I n  t h i s  work, an e n t i t y  known as c r i t i c a l  bandwidth evolved. When 
the  ear  l i s t e n s  f o r  a  tone i t  a c t s  as a  narrowband f i l t e r  centered 
a t  t he  s i gna l  frequency. The masking o f  t h e  s i gna l  by t h e  no ise  w i l l  
o n l y  be i n f l uenced  by t he  no ise  w i t h i n  t h i s  c r i t i c a l  band. Noise 
ou ts i de  t h i s  band w i l l  have no i n f l u e n c e  on s i gna l  d e t e c t a b i l i t y .  
F igure  24 i l l u s t r a t e s  the  c r i t i c a l  bandwidth values as a  f u n c t i o n  
o f  f requency and shows t h a t  t h e  c r i t i c a l  bandwidth i s  approx imate ly  
60 Hz a t  t h e  978 Hz 1  i s t e n i n g  frequency o f  t he  rescue rece i ve rs .  
The e f f e c t  o f  t he  l e n g t h  o f  a  pulsed tone i s  shown i n  F igu re  25. 
Psychoacoustic da ta  taken by a  number o f  i n v e s t i g a t o r s  a re  combined 
i n  t h i s  f i g u r e  t o  show the  " r e c o g n i t i o n  d i f f e r e n t i a l "  r equ i red  versus 
pulse l e n g t h  f o r  a  50% p robab i l  i t y  o f  de tec t i on .  The r e c o g n i t i o n  
d i f f e r e n t i a l  i s  t he  amount i n  dB by which t he  s i gna l  l e v e l  needs t o  
exceed t h e  measured noise spectrum l e v e l  (no ise  l e v e l  i n  1  Hz w i t h i n  
c r i t i c a l  band o f  i n t e r e s t )  t o  p rov ide  a  50% p r o b a b i l i t y  o f  de tec t i on .  
The G I  t r a n s m i t t e r s  have a  f i x e d  pu lse  d u r a t i o n  o f  100 ms which 
p resc r i bes  a  r e c o g n i t i o n  d i f f e r e n t i a l  o f  23 dB t o  achieve a  50% prob- 
a b i l i t y  o f  de tec t ion .  To determine the  s i g n i f i c a n c e  o f  t he  23 dB 
r e c o g n i t i o n  d i f f e r e n t i a l  i n  terms o f  r equ i red  SNR, a  bandwidth must 
be chosen. The bandwidth used i n  t he  r e c e i v e r  i s  30 Hz, one-hal f  
o f  t h e  c r i t i c a l  bandwidth o f  t h e  ear a t  t he  l i s t e n i n g  frequency. 
I t  i s  assumed here t h a t  the  noise reach ing  the  ope ra to r ' s  ear  i s  
produced s o l e l y  by t he  r e c e i v e r  and t h a t  t he  a t t e n u a t i o n  prov ided 
by t h e  headset i s  s u f f i c i e n t  t o  j u s t i f y  d i s rega rd ing  ambient acous t i c  
no ise  i n  t he  area o f  t h e  operator .  S tud ies  (6 )  have shown t h a t  systems 
w i t h  bandwidths approx imate ly  one-ha l f  t he  c r i t i c a l  bandwidth w i l l  
behave i n  t he  same manner de tec t ion-w ise  as those hav ing a  system 
bandwidth equal t o  the  c r i t i c a l  bandwidth. Therefore, f o r  purposes 
o f  t he  t rapped miner  system, a  SNR o f  23 -10 l o g  30 = I dB i s  needed 
t o  y i e l d  a  50% p r o b a b i l i t y  o f  de tec t i on .  
A f i n a l  f a c t o r  a f f e c t i n g  d e t e c t i o n  i s  t he  s i gna l  r e p e t i t i o n  r a t e .  
Garner ( 2 )  p rov ides  data on t he  e f f e c t  o f  t h e  r e p e t i t i o n  o f  a  pul  sed 
tone on s i gna l  d e t e c t a b i l  i ty .  F igu re  26 il l u s t r a t e s  these f i n d i n g s .  
Th is  v~ork  shows t h a t  as t he  r e p e t i t i o n  r a t e  o f  a  50 ms pulse o f  a 
1000 Hz s i gna l  i s  changed f rom 1  i n  4 seconds t o  1  per second, 2  dB 
l e s s  SNR i s  requ i red .  Reviewing Garner 's  da ta  would i n d i c a t e  t h a t  
an even g rea te r  improvement might  be expected f o r  t he  t rapped miner  
t r a n s m i t t e r ,  b u t  t he  l a c k  o f  data a t  r e p e t i t i o n  r a t e s  l e s s  than 1  
per  4  seconds prec ludes a  guarantee o f  t h i s .  Therefore, a  conserva t i ve  
2  dB improvement va lue w i l l  be used. The 50% p robab i l  i t y  o f  d e t e c t i o n  
SNR c r i t e r i o n  o f  (8-2) dB o r  6 dB, w i l l  be used. 
Th i s  work q u a n t i f i e s  t he  necessary SNR t o  e s t a b l i s h  a  50% d e t e c t i o n  
p r o b a b i l i t y .  It i s  a l s o  necessary t o  extend t h i s  work t o  determine 
d e t e c t i o n  p r o b a b i l i t i e s  a t  any o t h e r  SNR. The r e s u l t s  o f  t h i s  extens ion 
a re  shown i n  F igu re  27. Th i s  p l o t  can be used w i t h  t he  e a r l i e r  es tab l i shed  
expected SNR f o r  t he  underground G I  t r a n s m i t t e r  t o  e s t a b l i s h  s igna l  
d e t e c t i o n  p robab i l  i t i e s .  
PROBABILITY OF DETECTION ESTIPIATES 
I n  an ac tua l  mine emergency s i t u a t i o n  many f a c t o r s  w i l l  i n f l u e n c e  
t he  ac tua l  a b i l i t y  t o  rescue the  miner.  Time o f  a r r i v a l  o f  the  
rescue team, l i f e  expectancy o f  t he  miner,  search t imes, and ope ra t i on  
t ime o f  t he  underground t r a n s m i t t e r  a re  o n l y  a  few o f  the  f a c t o r s  t h a t  
have a  bea r i ng  on t he  success o f  the  rescue e f f o r t .  Th is  r e p o r t  
has n o t  d iscussed these p o i n t s  b u t  r a t t l e r  has i n v e s t i g a t e d  t he  d e t e c t i o n  
p r o b a b i l i t y  f o r  arl e x i s t i n g  s i gna l  as be ing  measured by a  rescue team 
i n  an area which i n  general  i s  d i r e c t l y  over  the  t rapped miner.  
Even w i t h i n  t h i s  measurement t h e r e  a r e  f a c t o r s  such as geology, no i  se, 
and depth t h a t  i n f l u e n c e  t h e  p r o b a b i l i t y  o f  success. However, 
though these f a c t o r s  may n o t  enable us t o  s t a t e  the  success o f  t h i s  
measurement i n  a  d e t e r m i n i s t i c  manner, we can, as o u t l i n e d  i n  t h i s  
paper, q u a n t i f y  our  chances i n  a  p r o b a b i l i s t i c  framework. 
The p r o b a b i l i t y  o f  d e t e c t i o n  curve i n  F igure  27 a c t u a l l y  represen ts  
a  c o n d i t i o n a l  p r o b a b i l i t y ;  t h a t  i s ,  t he  l i k e l i h o o d  t h a t  d e t e c t i o n  
w i l l  occur  g i ven  t he  presence o f  a  f i x e d  RMS SNR. As a  consequence, 
the  chance o f  d e t e c t i n g  a  s i gna l  t rar lsmi t t e d  through t h e  e a r t h  can 
be c a l c u l a t e d  accord ing  t o :  
P I D  and i tk }  = PIRk} x  PI DIP,^} ( 2 )  
idhere PID and Rk} represen ts  t he  p r o b a b i l i t y  o f  ach iev ing  a  SNR o f  s i z e  Rk 
and a l s o  d e t e c t i n g  t he  s i gna l  embedded i n  t he  no ise.  PIKk} i s  t he  proba- 
b i l i t y  o f  t h e  occurrence o f  a  SNR o f  s i z e  Rk and PID/R~} i s  t h e  c o n d i t i o n a l  
p r o b a b i l i t y  o f  d e t e c t i n g  a  s i gna l  g i ven  a  SNR o f  s i z e  Rk. 
F igure  27 g i ves  P I D I R ~ } ,  and F igures  19-22 show t h e  SNR p r o b a b i l i t y  
d i s t r i b u t i o n s .  The l a t t e r  f i g u r e s  show t h a t  these p r o b a b i l i t i e s  depend 
on f requency and depth. Us ing a d d i t i o n a l  s u b s c r i p t s  t o  account f o r  these 
parameters, t he  p r o b a b i l  i t y  o f  ach iev ing  a  SNR o f  s i z e  Rk and d e t e c t i n g  t he  
s i g n a l  t r a n s m i t t e d  f rom a  depth i a t  f requency j i s  
' i j k  ID and R k }  = pij I K ~ }  x  PIDIR~} 
However, t he  p r imary  r e s u l t  i s  t he  expected p r o b a b i l i t y  o f  d e t e c t i n g  
a  s i g n a l  t r a n s m i t t e d  a t  a  s p e c i f i e d  depth f o r  a  known frequency summed 
over  a l l  poss ib l e  Rkls.  Th i s  i s  g i ven  as 
The r e s u l t s  o f  these c a l c u l a t i o n s  present ,  as shokdn i n  F igure  28, 
the  expected p r o p e r t y  o f  d e t e c t i o n  es t imates  f o r  t h e  G I  t r a n s m i t t e r  
s i g n a l s  as measured over  a l l  t h e  U.S. coal  f i e l d s .  
This paper has discussed the resu l t s  of an extensive f i e ld  tes t ing 
program to  evaluate the performance of the EM trapped miner transmitter. 
Analysis of these data has enabled one to place into a probabilist ic 
framework the a b i l i t y  t o  confidently detect the signal from the 
underground transmitter. Resul t s  indicate that  the probabil i ty  of 
detecting t h i s  signal i s  45% a t  a depth of 1,000 f t ,  a depth which 
exceeds 90% of the mines within the U.S. and a 90% probabil i t y  a t  a 
depth of 500 f t ,  a depth which exceeds 50% of the mines. This information 
i s  vital  for  the future formulation and promulgation of new regulations 
written for  the use of the EM system. Studies are  currently underway 
to improve the detection capabili ty by providing signal processing capa- 
b i l i t y  t o  the receiver. Future work will look a t  a systems approach when 
using t h i s  technique. This study will investigate each element involved in 
a successful rescue e f fo r t ,  such as search s t ra teg ies ,  l i f e  expectancies, 
e tc .  Coupled with the resu l t s  discussed in t h i s  paper, a thorough under- 
standing of the effect ive implementation of the EM system will be obtained. 
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C , 3  
m cn 
Ro = S/N RATIO IN  (dB) 
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